Single-crystal, microcrystalline and nanocrystalline nickel oxides (NiO) have been studied by Raman spectroscopy. A new band at ~200 cm -1 and TO-LO splitting of the band at 350-650 cm -1 have been found in the spectra of single-crystals NiO(100), NiO(110) and NiO(111). The Raman spectra of microcrystalline (1500 nm) and nanocrystalline (13-100 nm) NiO resemble those of the single crystals. They all contain the two-magnon band at 1500 cm -1 , indicating that the oxides remain at room temperature in the antiferromagnetic phase. Besides, a new sharp Raman band has been observed at 500 cm -1 in nanocrystalline NiO. Its temperature dependence suggests the magnetic origin of the band, possibly associated with the one-phonon-one-magnon excitation at the Brillouin zone centre.
INTRODUCTION
Nickel oxide (NiO) is a versatile compound, which finds numerous applications in rechargeable batteries [1] , smart windows [2] , catalysis [3] , sensors [4] , gamma radiation detectors [5] , resistive memories [6] and magnetoresistive devices [7] .
Bulk NiO is a highly correlated material, which features a Mott insulating character and a type-II easy-plane antiferromagnetic (AFM) ordering. Therefore, the understanding of its electronic structure and bonding was a challenging theoretical task for decades. In the paramagnetic phase above the Néel temperature T N = 523 K, NiO has a centrosymmetric cubic rock-salt crystal structure (space group No. 225, Fm-3m) with nickel ions located at the centres of regular NiO 6 octahedra [8] . The ferromagnetic ordering of spins of Ni 2+ ions occurs below T N in {111} sheets, with adjacent sheets having antiparallel spins [9] , [10] . Such spin ordering leads to a magnetostriction effect, causing a week cubic-to-rhombohedral distortion (space group No. 166, R-3m) of the NiO structure [8] , [11] - [15] , The distortion is accompanied by splitting (about 10-40 cm -1 at 300 K) of the zone centre transverse optical (TO) mode [16] - [18] . The magnetic structure of NiO nanoparticles differs from that of the bulk because of the finite-size effects and the presence of defects [19] . A complex magnetic structure composed of as many as up to eight-sublattice spin configurations was proposed for NiO nanoparticles [20] - [22] in contrast to the single-crystal NiO, having the two-sublattice magnetic structure [8] . Apart from the antiferromagnetically ordered core, magnetically-disordered uncompensated spins exist at the surface of NiO nanoparticles [23] - [29] , leading to a super-paramagnetic behaviour [30] .
Neutron diffraction studies of plate-shaped NiO nanoparticles with a thickness of ~2 nm indicated a reduction of the Néel temperature by ~60 K [31] . Comparison of X-ray and neutron diffraction data also evidenced the identity of the magnetic and crystallographic correlation lengths, suggesting that each NiO nanoparticle consists of a single magnetic domain [31] . Finally, a significant lattice expansion and a crossover in magnetic properties occur in NiO nanoparticles when their size decreases below 30 nm [32] . An increase of the lattice parameter in NiO nanoparticles upon a decrease of their sizes was observed below 20 nm in [33] and below 12 nm in [34] .
The magnetic ordering and lattice dynamics of microcrystalline and singlecrystalline NiO were studied by Raman spectroscopy in [35] - [42] . The Raman spectrum of bulk NiO at room temperature consists of several bands due to secondorder phonon scattering (2TO band at ∼730 cm -1 , TO+LO band at ∼906 cm -1 and 2LO band at ∼1090 cm -1 ) and two-magnon band (at ∼1500 cm -1 ) [35] - [38] , [40] , [42] . The main difference between green (stoichiometric) and black (defect-reach) bulk NiO was a dramatic increase in the strength of the one-phonon LO mode at 550-560 cm -1 in the black NiO [35] . The origin of phonon bands was interpreted theoretically using the rigid-ion [43] - [46] , shell [47] , and first principles [42] , [48] models. It was also proposed that some nonmagnetic properties of NiO as zonecentre optical phonon frequencies and Born effective charge tensor are substantially noncubic below the Néel temperature, even assuming the ideal rock-salt structure of the oxide [49] .
The influence of finite-size and preparation conditions on the vibrational properties and magnetic ordering in nanocrystaline NiO was studied by Raman spectroscopy in [28] , [34] , [50] - [54] . The phonon-related bands in the Raman spectra of large green nanocrystals (100-1500 nm), produced by radio-frequency plasma technique, are close to those in the bulk [50] . However, the enhancement of the band at 500 cm -1 was found in small black nanocrystals (13-23 nm) produced by precipitation method, and the band was associated with the phonon-magnon coupling at the nanoparticle surface or with the presence of defects [51] .
Small NiO nanoparticles (3.5-12.4 nm) were produced in [34] by a decomposition of nickel acetate at different temperatures. Their Raman spectra resemble those in [50] . Still, they do not show any peak related to the magnon excitation at 1500 cm -1 as well as any enhancement of 500 cm -1 band [34] . A contribution from surface modes to the broadening of LO and 2LO bands was also proposed in [34] .
The sol-gel method followed by annealing in air was employed in [52] to synthesize NiO nanoparticles in the range of 16.6-54 nm. The Raman spectrum of the smallest particles (16.6 nm) was dominated by the one-phonon (TO and LO) scattering; however, the two-phonon and two-magnon bands became also visible upon increasing particle size. Close results were obtained for nanosized NiO powders prepared by ball milling process under different milling speeds in [53] . In the latter case, a decrease of the crystallite size from 43 nm to 10.5 nm led to a reduction of the two-phonon band intensity, whereas the two-magnon band was not detected in all milled samples [53] .
Nanocrystalline NiO (~26-36 nm) with filamentary morphology and large amount of nickel vacancies was produced by the template-based method using the cellulose template [54] . As a result, the one-phonon Raman bands (TO at 400 cm -1 and LO at 500 cm -1 ) were strongly enhanced compared with the two-phonon band at ∼1090 cm -1 . In addition, the presence of the intense two-magnon band at ∼1500 cm -1 indicated the existence of the antiferromagnetic order at room temperature. Note that similar Raman spectra were observed for NiO nanoparticles in the range of 6.1-79.8 nm prepared by the precipitation method [28] , except that the two-magnon peak disappeared for the 6.1 nm sample.
In the present study, we have employed the temperature-dependent Raman spectroscopy to probe the phonon and magnon dynamics in single-crystal NiO with different orientations (100), (110), (111) and in NiO nanoparticles. Two new bands at ~200 cm -1 and ~500 cm -1 have been evidenced, and their origin will be discussed.
EXPERIMENTAL STUDY
Nanocrystalline NiO powders were produced by two methods. A precipitation method, based on a reaction of aqueous solutions of Ni(NO 3 ) 2 ·6H 2 O and NaOH with subsequent annealing in air at several temperatures up to T an = 450 °C, was employed to produce the smallest black NiO nanoparticles. Their average sizes were estimated from the BET specific surface area measurements and were equal to about 13 nm for powders annealed at T an = 250 °C and 300 °C, 17 nm at T an = 350 °C, and 23 nm at T an = 450 °C. In the second method, green NiO particles with larger size of 100 nm and 1500 nm were prepared by evaporation of coarse grained commercially available NiO (99.9 %) powder with the particle size in the range of 20-40 µm in the radiofrequency plasma [50] .
Three green coloured single-crystals NiO(100), NiO(110) and NiO(111) were grown on top of MgO(100), MgO(110) and MgO(111) single-crystal substrates, respectively, using the method of chemical transport reaction [55] , [56] .
The Raman spectra were measured with large signal/noise ratio and particular attention to exclude any unintentional sample overheating by the laser light. Hightemperature (20-290 °C) Raman experiments were conducted using a confocal microscope with spectrometer Nanofinder-S (SOLAR-TII, Ltd.). The measurements were performed through 20× optical objective. The Raman spectra were excited by a solid-state DPSS 532 nm laser (max cw power 150 mW). The Peltier-cooled back-thinned CCD camera was used as a detector. The elastic laser light component was eliminated by the edge filter (Semrock RazorEdge, LP03-532RE-25). The sample temperature was controlled by self-made optical furnace. Room temperature Raman spectra were also measured through 50× microscope objective using Renishaw inVia micro-Raman spectrometer equipped with argon laser (514.5 nm, max cw power 10 mW). The spectral signal was dispersed by the 2400 grooves/mm grating onto Peltier-cooled (-60 °C) CCD detector. 
RESULTS AND DISCUSSION
Room temperature Raman spectrum of single-crystal NiO(100) consists of several bands above 300 cm -1 (Fig. 1) . According to the previous assignment in [35] , [36] based on the cubic NiO structure, the first five bands are due to the phonon scattering: one-phonon (1P) TO and LO modes (at ∼400 cm -1 and ∼580 cm -1 , respectively), two-phonon (2P) 2TO modes (at ∼730 cm -1 ), TO+LO (at ∼906 cm -1 ) and 2LO (at ∼1090 cm -1 ) modes. The strongest band at 1500 cm -1 is due to the twomagnon (2M) scattering [35] , [37] . Note that the band at ~2640 cm -1 corresponds to the four-magnon (4M) scattering [36] . At 1.5 K, the 4M band is located at ~2800 cm -1 and has a pronounced shape [36] , but it broadens and shifts to lower frequencies as temperature increases. Two differences are observed between the Raman spectra of single-crystals NiO in Fig. 1 and those measured in [35] , [38] , [40] : the onephonon band at ∼350-650 cm -1 is split into two (TO and LO) bands located at ~400 and ~580 cm -1 , and a new band appears at ~200 cm -1 . Note that the TO-LO splitting of the one-phonon band has also been observed in the recent study [42] . We attribute the origin of the band at 200 cm -1 to the zone-boundary phonon mode [57] . Temperature dependence of the Raman spectra for two stoichiometric singlecrystals NiO(100) and NiO(111) is shown in Fig. 2 . The main visible effect is related to a decrease of intensity and a displacement to lower frequencies of the two-magnon band at ~1500 cm -1 , when the sample temperature is approaching the Néel temperature. The band at 200 cm -1 as well as the two (TO and LO) bands at 400 and 580 cm -1 remain well visible at all temperatures. One can also see that the TO band at 400 cm -1 exhibits splitting below the Néel temperature due to the magneticorder induced phonon anisotropy [16] , [18] , which appears at room temperature as a shoulder or a narrow peak located at 460 cm -1 in the Raman spectrum of singlecrystal NiO(111).
Room temperature Raman spectra of nanocrystalline (13-23 nm) NiO (Fig. 3 ), produced at different annealing temperatures in the range of 250-450 °C, are rather similar to that of the bulk material except for a narrow strong band around 500 cm -1 . The phonon-related Raman bands (1P and 2P in Fig. 3 ) in nanocrystalline NiO are close to those in single-crystals: they consist of a small band (1P) at ∼200 cm -1 , a wide one-phonon (1P) band at ∼300-600 cm -1 and two-phonon (2P) bands at ∼730 cm -1 , ∼900 cm -1 and ∼1100 cm −1 . The intensity of the one-phonon (1P) bands relative to that of the 2P bands is higher in nanopowders due to the presence of defects or surface effect, while the three two-phonon (2P) bands appear to be more broadened than in single-crystal NiO. Similar behaviour of the phonon-related Raman bands in nanopowders was reported in [58] . The two-magnon (2M) band located at ∼1500 cm -1 has in nanopowders smaller intensity compared to the two-phonon band at ∼1100 cm -1 since the size effect limits the long-range magnetic order. Temperature dependence of the Raman scattering in nanocrystalline (100 nm) and microcrystalline (1500 nm) NiO powders is shown in Fig. 4 and is close to that in single-crystal NiO in Fig. 2 . The most intriguing fact is the behaviour of the band at ~400-600 cm -1 . Its intensity at room temperature is rather high and correlates with the intensity of the two-magnon band at 1500 cm -1 , which decreases upon heating until it disappears approaching the Néel temperature. Therefore, one can suspect that the band at ~400-600 cm -1 has some magnon-related origin. Heating of the sample can be achieved not only in an optical furnace, but also when the laser power is changed. In this case, the precise value of temperature is not known but for NiO can be roughly estimated from the intensity and position of the two-magnon band at ~1500 cm -1 . Such an experiment was conducted for nanocrystalline (17 nm) NiO powder. The obtained Raman spectra are shown in Fig. 5 . We started at the low laser power of P ex = 0.1 mW at the sample with no sample heating as is evidenced from the large intensity of the two-magnon band. Upon increasing the laser power ten times up to P ex = 1 mW at the sample, the intensity of the two-magnon band decreases, and its position shifts down to ~1400 cm -1 . The shift of the two-magnon band contributes to a change in the background under other bands, thus making problematic their proper normalization [42] . At the same time, the position of the phonon-related bands remains nearly unchanged upon laser heating. Further increase of the laser power to P ex = 5 mW at the sample leads to a complete disappearance of the two-magnon band, suggesting heating above the Néel temperature and, thus, destruction of the magnetic ordering. Note that when the laser power is decreased back to P ex = 0.1 mW, the shape of the Raman spectrum is completely restored to the original one, indicating the reversibility of the transition and the absence of any sample damage. Note that the Raman spectrum of nanocrystalline (17 nm) NiO powder contains a narrow band at 500 cm -1 , which is temperature dependent and correlates well with the two-magnon band (Fig. 5) . This band also demonstrates the dependence on the size of nanocrystallites in Fig. 3 . Therefore, we tentatively attribute the origin of this band to scattering by two particles: one-phonon (∼440 cm -1 ) and one-magnon (∼40 cm -1 ) excited simultaneously at the Brillouin zone centre due to the strong phononmagnon coupling occurring at the nanoparticle surface or defects. Upon a decrease in the nanoparticle size, the intensity of the band at 500 cm -1 changes as a result of the competition between two processes: (i) an increase in the surface-to-bulk ratio and defect concentration, and (ii) a destruction of the long-range magnetic ordering [59] .
CONCLUSIONS
Raman scattering by phonons and magnons has been studied in single-crystal, microcrystalline (1500 nm) and nanocrystalline (13-100 nm) NiO powders. The Raman spectra of nanocrystalline NiO have been found to be qualitatively similar to those of single-crystal, including the two-magnon band at 1500 cm −1 , indicating that the nanopowders remain at room temperature in antiferromagnetic phase.
A weak but clearly visible new band at ~200 cm -1 has been found in the Raman spectra of all samples and attributed to the zone-boundary phonon mode [57] . TO-LO splitting of the phonon band at 350-650 cm -1 has been observed in single-crystal NiO. Moreover, the TO band at 400 cm -1 is split below the Néel temperature due to the magnetic-ordering induced phonon anisotropy [16] , [18] . This effect appears at room temperature as a shoulder or a narrow peak located at 460 cm -1 in the Raman spectrum of single-crystal NiO(111). Finally, a sharp intense Raman band has been observed at 500 cm −1 in smallest (~13-17 nm) black nanocrystalline NiO powders. The band is located on top of one-phonon bands, and its temperature dependence correlates with that of the two-magnon band at 1500 cm -1 , thus suggesting the magnetic origin of the band, possibly associated with the one-phonon-one-magnon excitation at the Brillouin zone centre. The traces of this band have also been detected in microcrystalline NiO powder. Mikrokristāliska (1500 nm) un nanokristāliska (13-100 nm) NiO Ramana spektri ir līdzīgi monokristāliskam oksīdam. Tie visi satur divu magnonu joslu ap 1500 cm -1 , kas norāda, ka pie istabas temperatūras nanooksīdi atrodas antiferomagnētiskā stāvoklī. Nanokristāliskos NiO ir novērota arī jauna asa josla ap 500 cm -1 , kuras temperatūras atkarība norāda uz tās magnētisko izcelsmi, iespējams, saistītu ar fonona-magnonu ierosmi Briljuena zonas centrā.
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